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Abstract—Synthetic aperture radar plays a vital role in ship
detection due to the possibility of acquiring high-resolution images
at nighttime and under cloud cover. This letter is focused on
improving ship detection, exploiting the capability of TanDEM-X
to collect interferometric data. Currently, along-track interferom-
etry is used to estimate the speed of ocean surface currents or ves-
sels. The detection of ships plays an important role in the retrieval
of vessel speed and is mostly executed exploiting only one of the
TanDEM-X images (i.e., not taking advantage of the availability
of a second interferometric image). The aim of this study is to
extend the capabilities of a ship detector previously developed by
the authors, namely, geometrical perturbation-polarimetric notch
filter (GP-PNF), to include single-pass interferometric information
acquired by TanDEM-X. Interestingly, such enhancement makes
it possible to employ the GP-PNF with single-polarization data
as well. The proposed algorithms and their statistical behavior
are tested on five Tandem-X dual-polarimetric HH/VV scenes
acquired in the North Sea. The detection results are validated,
exploiting the Automatic Identification System location of vessels.
All of the new GP-PNF versions show good performance and
provide larger vessel–sea contrast compared with single-channel
detectors.
Index Terms—Interferometry, polarimetry, ship detection, syn-
thetic aperture radar (SAR), TanDEM-X.
I. INTRODUCTION
THE main feature of ships in synthetic aperture radar (SAR)images is a relatively large backscatter signal. This is why
several ship detectors perform a statistical test on the intensity
of a single SAR image [1]–[5]. Apart from detection, ship
classification and delineation is a topic of large interest [6].
Polarimetry can improve detection, since it provides more
independent measurements [7]. Furthermore, the polarimetric
behavior of the sea can be generally singled out (e.g., a rough
surface modeled by Bragg scattering [8]). Several approaches
were proposed [1], [9]–[13], and in this work, the geometrical
perturbation-polarimetric notch filter (GP-PNF) [11], [14]–[17]
will be analyzed.
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The aim of this letter is to enhance the GP-PNF exploit-
ing the single-pass interferometric information acquired by
TanDEM-X. Along-track interferometry has been largely em-
ployed to measure the speed of surface currents [18], [19] or
vessels [20]. The detection of ships plays an important role in
the processing chain that delivers the vessel speed. This letter
proposes two new versions of the GP-PNF, and one of them
is exploiting a single-polarimetric mode (single-pol). Dual-
polarimetric data are not routinely acquired for maritime ap-
plications, and a solution that considers single-pol is appealing
for operational purposes. Remarkably, it is the first time that the
GP-PNF is applied on single-pol data.
A quad-pol SAR system can acquire four polarization
channels that can be arranged in a scattering vector kL =
[HH,HV, V H, V V ]T , where H and V stand for linear hori-
zontal and vertical, and the repeated letter is for transmitter–
receiver [7], [21]. In the case of a reciprocal medium and
a monostatic sensor, HV = V H , and k is three-dimensional
complex. In this letter, distributed targets are characterized by
their second-order statistics exploiting the target covariance
matrix [C] = 〈k k∗T 〉, where 〈.〉 is the finite averaging operator.
II. GP-PNF
The GP-PNF was derived starting from a more general
methodology aimed at processing multidimensional images.
That methodology was defined as the geometrical perturbation
filter (GPF) [22]–[25]. The GPF considers a perturbed version
of the target to detect, and then, it checks for coherence between
original and perturbed targets in the data. A feature partial
scattering vector is introduced [25], i.e.,
t =
[〈|k1|2〉 , 〈|k2|2〉 , 〈|k3|2〉 , 〈k∗1k2〉 , 〈k∗1k3〉 , 〈k∗2k3〉]T (1)
where ki’s are the components of the scattering vector.
The GP-PNF modifies the concept of polarimetric perturba-
tion analysis inverting the detection role, to suppress the return
from a selected target [14], [15], [26], [27]. The polarimetric
behavior of the sea clutter can be identified by a single feature
vector tsea. On the other hand, ships can have a large variety
of polarimetric signatures depending on orientation, material,
and structures [6]. To bypass this issue, the GP-PNF focuses on
targets lying in the complementary orthogonal subset of the sea
vector, i.e.,
γn =
(
1 +
RedR
t∗T t− |t∗T tˆsea|2
)− 12
. (2)
The RedR is a scalar detector parameter. tˆsea is the normalized
version of tsea that is extracted using a large window defined
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Wbig. t is the feature vector extracted in the middle of the large
window exploiting a smaller window Wsmall.
A. Extending the GP-PNF to Interferometric Data
The mathematical formulation presented in (2) is flexible and
can be adapted for different typologies of multidimensional im-
ages (i.e., different observables could be included in the feature
vector). With TanDEM-X, it is possible to build polarimetric
and interferometric (Pol-InSAR) covariance matrices [28]. If
dual-pol HH/VV data are considered, the Pol-InSAR scattering
vector is k = [HH1, V V1, HH2, V V2]T , and the Pol-InSAR
covariance matrix can be estimated as: [C4] = 〈kk∗T 〉. Follow-
ing this reasoning, different elements of [C4] can be included in
the feature vector.
• The original version of the GP-PNF employs 〈|HH1|2〉,
〈|V V1|2〉, and 〈HH1 V V ∗1 〉 [17] that will be used in this
letter as well. 〈|HH2|2〉, 〈|V V2|2〉, and 〈HH2 V V ∗2 〉 are
not supposed to add extra information (as long as the
bistatic angle is not very large).
• 〈HH1 HH∗2〉 and 〈V V1 V V ∗2 〉 contain the interferometric
information. Due to the along-track baseline (ATB) and
the very short decorrelation time of the sea, these elements
are supposed to be very small for the sea clutter. In
particular, it was shown that an ATB larger than 60 m is
sufficient to strongly decorrelate the sea [19]. On the other
hand, vessels are supposed to maintain correlation, unless
the baselines are very large (e.g., several kilometers) [20].
Furthermore, since the interferometric phase is always a
mix of cross- and along-track components, vessels and
sea are supposed to present different behaviors due to
differences in their height or speed. Summarizing, both
the magnitude and phase of these elements are expected
to expose differences between sea and vessels. As a
final remark, if the ATB is smaller than 60 m or larger
than several kilometers, these terms should not provide
significant improvement to the ordinary GP-PNF, since
vessels and sea will present very similar behaviors.
• Cross elements as 〈HH1 V V ∗2 〉 contain a mixture of
polarimetric and interferometric information that is not
of trivial interpretation. Moreover, they should not add
information that is not already enclosed in the previous
elements.
Interestingly, the exploitation of an ATB was already found
beneficial in [29], where COSMO Sky-Med data in dual-
polarimetric ping-pong mode were used, exploiting the fact that
the HH and V V channels are separated by an ATB.
The new feature vectors are built as follows:
tn =
[〈|HH1|2〉 , 〈|V V1|2〉 , 〈HH1 V V ∗1 〉]T
tfull =
[〈|HH1|2〉 , 〈|V V1|2〉 , 〈HH1 V V ∗1 〉 , 〈HH1 HH∗2〉
×〈V V1 V V ∗2 〉]T
tHH =
[〈|HH1|2〉 , 〈HH1 HH∗2〉]T
tV V =
[〈|V V1|2〉 , 〈V V1 V V ∗2 〉]T . (3)
When the GP-PNF is exploited with tHH or tV V , only single-
pol data are required; hence, the acronym PNF may be mislead-
ing, and they will be referred to as GP-NF. In the following, the
outputs of the new detectors will be named distances, and the
symbols γn, γfull, γHH , and γV V will be used.
III. STATISTICAL DISTRIBUTION OF DISTANCES
The derivation of the GP-PNF probability density function
(pdf) is presented in [30]. Here, only the final expression is
reported, considering a generic GP-PNF distance represented
by the symbol γx, i.e.,
fΓx(γx|H0)=
2
Γ(N)
(
N
μ
)N(
RedR
γ2x
1−γ2x
)N+1
2
RedR
γ−3x
× exp
[
−RedRN
μ
γ2x
1− γ2x
]
rect
[
γx − 1
2
]
(4)
where N is the equivalent number of looks, μ is the mean of
the target power expressed as Pt = t∗T t− |t∗T tˆsea|2, RedR is
a detector parameter, and Γ(N) is the Γ function of argument
N . H0 stands for null hypothesis (only clutter), in contrast with
H1 that represents the alternative hypothesis (target). Since
the procedure to derive the pdf is the same, independently of
the content of the feature vector, (4) should theoretically fit
all the distances proposed. This assumption is tested in the
following.
The pdf parameters μ and N can be estimated on a ring
around a test area that is protected by a guard window [30].
RedR is a free detector parameter and is chosen to have a
pdf with mean 0.15. While the second-order statistics can be
estimated using large windows Wbig, the pdf parameters should
be estimated exploiting guard windows, since a target in the
scene may contaminate the estimation of pdf parameters. These
issues are more thoroughly discussed in [30].
The statistical test exploited in this letter is based on the
Neyman–Pearson lemma for the likelihood ratio (LR) [17], i.e.,
Λ =
fΓ(γn|H1)
fΓ(γn|H0) =
rect
[
γn−(γminn +1)/2
1−γminn
]
fΓ(γn|H0) . (5)
Currently, a very simple pdf for the vessels is considered, where
valid targets are assumed to have minimum power Pmint (that is
then converted into γminn ). A simple pdf keeps the treatment
more general, but in the future, work will be carried out to
include better vessel statistical models.
IV. TEST WITH REAL TANDEM-X DATA
A. Presentation of the Data
In this letter, six TanDEM-X HH/VV scenes are considered,
which were acquired in the winter of 2012 in the North and
Baltic Seas. A survey was carried out during the acquisitions
collecting wind speed and Automatic Identification System
(AIS) positions. For all the images, the azimuth resolution is
6.7 m, whereas the slant range resolution is 1.1 m (Table I sum-
marizes further details).
For the sake of brevity, figures are presented only for
one scene; however, a complete analysis is reported at the
end. The dual-pol Pauli RGB composite color image for the
Boknafjorden scene is presented in Fig. 1(a). The color cod-
ing is as follows: Blue is the filtered intensity of 〈|HH1 +
V V1|2〉, red is the filtered intensity 〈|HH1 − V V1|2〉, and
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TABLE I
DETAILS ON HH/VV TANDEM-X IMAGES EXPLOITED IN THE COMPARISON. TIME IS IN UTC
green is the filtered magnitude of the copolarization cross term
〈HH1 V V ∗1 〉.
Initially, it is valuable to evaluate if the interferometric
correlation can be used to discriminate between sea and vessels.
For this reason, Fig. 1(e) shows in red and blue the magnitude of
〈HH1 HH∗2〉 and 〈V V1 V V ∗2 〉. Interestingly, the sea presents a
lower correlation compared with vessels or land. Similar results
were observed over all the scenes. However, since some vessel
may show decorrelation, the authors would not suggest using
the correlation on its own.
B. GP-PNF Distances
Fig. 1(b)–(d) presents the GP-PNF distances. The small
window employed by the GP-PNF is Wsmall = 33× 33 pixels,
whereas the large window is Wbig = 151× 151 pixels. RedR
is selected to locate the distributions around 0.15. It is inter-
esting to observe that these distances make distinguishing sea
clutter from vessels easy.
C. Statistical Behavior
Here, two main points will be investigated: Is the an-
alytical pdf derived in [17] and [30] fitting the new dis-
tances? Which distance has the lowest statistical variation?
Fig. 1(i)–(n) presents the histograms of the different distances
(circles: data histograms; solid line: fitted pdf). The area used
to calculate the histograms is represented inside a red rectangle
in the RGB image. The theoretical pdf seems able to char-
acterize the statistical behavior of the distances. Additionally,
comparing the different versions, it is possible to observe that
the variances of γn, γHH , and γV V are comparable, whereas
γfull presents a slightly smaller variance (which is a desired
property). To obtain some quantitative result, the two-sample
Kolmogorov–Smirnov and the χ2 tests are performed. All the
distributions passed the tests exploiting 50 samples.
D. Detection Performance
The LR is exploited for detection. The pdf parameters are
estimated using a guard window of 151 × 151 pixels around
the central pixel and a ring window that extends to 201 ×
201 pixels. The parameters used for the NP test are α = 0.9
and Pmint = 3 · 10−4. Fig. 1(f) and (g) presents the detection
masks for γfull and γHH (the other masks are omitted because
they are very similar to these two). It can be observed that all the
vessels and islands are detected with complete absence of false
alarms, although γfull detects one azimuth ambiguity. Azimuth
ambiguities can be screened out in pre- or postprocessing
[31]. Finally, several points over islands and the mainland are
detected (they can be screened out using a land mask).
To have a larger comparison, constant false-alarm rate
(CFAR) tests on the intensity of the HH and V V channels
are considered. The pdf employed is the K-distribution, and the
threshold is selected locally (as for the GP-PNF) solving the in-
tegral numerically. The result for the HH channel is presented
in Fig. 1(h) (the V V channel provides similar results). Again,
the same targets identified by the GP-PNF were detected by the
CFAR, showing comparable performances on this dataset.
Table II summarizes the results over all the scenes. Some
comments are provided in the following.
Probability of Detection Pd: All the detectors are able to
identify the vessels with AIS, showing comparable perfor-
mance in terms of Pd. Only one target is missing from the
single-channel detection, and this is a buoys (2 × 2 m) in the
scene Aberdeen North.
Probability of False Alarm Pf : Here, the comparison shows
different performances. The GP-PNF detectors do not present
any false alarms at the exception of azimuth ambiguities,
whereas there are scenes where the single-channel CFAR is
largely affected by false alarms. More specifically, in the Baltic
scenes, the sea has a relatively low backscattering with very
large heterogeneity due to convection cells and rolls. The false
alarms in Kristiansand are due to bright swells (having large
backscattering, they are detected by the CFAR). The GP-PNF
detectors are more robust against these false alarms, because
they are based on the polarimetric or temporal behavior of the
clutter (rough surface), which is relatively unaffected by its
brightness. As a final remark, it is important to keep in mind
that the exploitation of morphological filters may improve the
results for the Baltic scenes, where false alarms appear mostly
as isolated points. This is at the expense of eventually losing
some small targets.
Mean Contrast Between Vessels and Sea: The contrast can be
used as a measure of separability between targets and clutter.
Here, it is calculated as the mean of the detector distance for
ship pixels divided by the mean for sea pixels (land areas are
masked out): c = 〈dist(xship)〉/〈dist(xsea)〉, where x repre-
sents a generic pixel, and dist is the considered distance (or
parameter). The contrast is averaged to provide some informa-
tion that is not related to one single ship.
To have a fair comparison, for the GP-PNF, we calculated
the contrast using the root square of the target power sqrt(Pt).
This is linearly proportional to the channel intensity and rep-
resents the backscattering that is associated to a target that is
orthogonal to the sea in the feature vector space. The contrast is
not calculated using the distances γx, since they are dimension-
ally different from an intensity (they are normalized), and they
depend on the choice of RedR. The mean contrast is presented
in the lower line of Table II. The contrast for the HH and
VV intensities is calculated following two strategies: exploiting
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Fig. 1. TanDEM-X, Boknafjorden (Norway), 21/12/2012. (a) RGB Pauli color composite image. Red: |HH − V V |2; green: |HH · V V ∗|; blue: |HH +
V V |2. Rectangles: vessels; diamonds: islands; circle: azimuth ambiguity; red rectangle: area for training. The GP-PNF distances are linearly scaled between zero
and one. (b) γn. (c) γfull. (d) γHH . (e) RGB of cross correlation between interferometric channels. Red: HH channel; green: zero; blue: V V channel. (f) and
(g) Consider a Neyman–Pearson on the LR: α = 0.9 and Pmint = 2 · 10−4 on γfull and γHH , respectively. (h) Detection mask with a K-distribution on the
intensity of the HH channel, Pf = 10−6. (i)–(n) Histograms of different versions of the notch filter: (i) γn; (l) γfull; (m) γHH ; (n) γV V .
a box car filter of size Wsmall and not performing any filtering
(showed in brackets). The three Pt distances have higher con-
trast compared with HH and VV intensities. This is because the
notch filter strongly reduces the polarimetrically homogeneous
areas and enhances the areas presenting polarimetric hetero-
geneity. Comparing the different distances, it can be observed
that we cannot easily identify the detector that always produces
the best contrast. For this reason, we may conclude that γfull
may be preferred, considering that it has the distribution with
lower variance.
V. DISCUSSIONS AND CONCLUSIONS
In this letter, an extension of the GP-PNF ship detector
has been proposed to exploit the capability of TanDEM-X to
acquire polarimetric and interferometric data. The selection of
the detector strongly depends on the main task for which the
data are acquired, but some general suggestions may be given.
Single-Polarimetric Data for Along-Track Studies: The ex-
ploitation of a GP-NF provides much better contrast than the
intensity of a single channel, and therefore, it may be suggested
to use it. It is also to be said that if we are interested in detecting
medium-to-large vessels, then the ordinary CFAR on a single
intensity may be sufficient. However, the latter will need to
be accompanied by a powerful methodology to remove false
alarms in postprocessing.
Dual-Polarimetric Data for Along-Track Studies: Consider-
ing the better contrast and higher rejection of false alarms, we
would recommended to exploit the extra information provided
by polarimetry using γn or γfull. The latter may be preferred
since it provides a smaller variance.
Ship Detection Only: If the purpose of the analysis is exclu-
sively ship detection (without any analysis of the vessel speed),
2164 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 12, NO. 10, OCTOBER 2015
TABLE II
DETECTION RESULTS. UP: NUMBER OF VESSEL DETECTED/NUMBER OF FALSE ALARMS/AZIMUTH AMBIGUITIES; DOWN: MEAN CONTRAST.
THE NUMBERS IN BRACKET PRESENT THE MEAN CONTRAST WHEN FILTERING IS NOT PERFORMED (I.E., SINGLE LOOK)
the exploitation of TerraSAR-X dual-polarimetric data may be
sufficient. Therefore, we would probably not suggest acquiring
TanDEM-X data if the speed of the vessels is not of interest.
One remarkablefinding isthat single-polarimetricTanDEM-X
data can also be used to largely improve the contrast provided
by the intensity detector. Therefore, if TanDEM-X data are
available, it is worthwhile to take advantage of the interfero-
metric capability for the detection as well.
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